The shear fatigue behavior of cracked concrete interface was experimentally investigated on a single crack plane to quantify the degree of deterioration per load cycle. A simple experimental setup was used, in which a finite lateral stiffness was provided to the crack interface by using unbonded steel bars. The effects of loading amplitude, loading pattern and water exposure were examined. Time-dependent behavior of shear transfer under sustained shear load was also investigated. The shear fatigue response of cracked concrete interface was found to be characterized by gradual increments of shear slip and dilation and majority of the incremental displacements to occur in the first few cycles. The degree of deterioration was found to be highly sensitive to the load amplitude level and loading pattern. The relative extent of deterioration in the case of reversed cyclic loading was much larger than that of single-sided fatigue loading. Worse yet, the downward flow of water through the crack interface was found to accelerate the shear fatigue degradation. The experimental results are summarized and a simplified phenomenological model is proposed to quantify the degeneration of shear stiffness in terms of intrinsic accumulated normalized slip with respect to crack opening.
Introduction
Performance assessment of existing as well as newly constructed RC structures has become a serious engineering issue. As a result, it is of great interest to engineers to deal with the lifetime prediction of these structures. At the same time, cracks in RC structures likely exist as the result of severe environmental conditions and/or external loads; cracks may occur even very early on in the hydration process. However the occurrence of cracks does not necessarily mean that there is a total discontinuity in terms of stress transfer, because cracks can transfer a substantial amount of stress due to the aggregate interlocking, aggregate bridging, and bond mechanisms. Therefore, it is important to deal with the performance of these stress transfer mechanisms under repeated service loads.
The shear transfer behavior of cracked concrete interfaces has been a subject of interest to many researchers. Based on the knowledge acquired from past experimental investigations, today there are several models that can satisfactorily predict the shear response of cracked interfaces under static and low-repetition cyclic loading. Unfortunately, scant attention has been devoted so far to the response under high-repetition cyclic loading. Investigation in this regard is of great importance for assessing the performance and predicting the lifetime of transportation infrastructures (bridge slabs and girders), hydropower plants, and thermal energy facilities under service loads. Tassios and Vintzeleou (1987) , reporting an investigation carried out at the national Technical University of Athens, proposed formalistic models for smooth and rough interfaces under static and low-repetition cyclic actions. The behavior of cracks under cyclic shear loading is characterized by considerable irreversible damage of the crack interfaces, and the overall response of cracks can only be described if load history effects are taken into account (Walraven 1980) . Accordingly, Walraven (1982) proposed an analytical approach, based on the concept of micro-contact physical modeling, the so-called Two Phase Model. Based on extensive experimental investigations, Bujadham and Maekawa (1991) developed a universal shear transfer model for generalized paths under static and low-repetition cyclic loading. The latter two models give physically reasonable values that agree with numerous experimental data, thus lending credibility to their theories. However, the above studies mainly focused on the behavioral understanding under static and low-repetition cyclic loading. In serviceability states, cracked interfaces are commonly subjected to repeated loading with varying amplitudes. Thus, the object of this study is to investigate the behavior of cracked normal strength concrete interface subjected to high-repetition cyclic shear loading.
Cracks in normal strength concrete usually occur along the interface between the aggregate particles and the mortar matrix leading to a rough surface. The protruding edges along the interface act as barriers against incremental shear displacement. That is to say, shear resistance is guaranteed by the interlocking mechanism between the asperities. The contacting faces are mainly between "aggregates and mortar" or "mortar and mortar". When the interface is subjected to a repeated type of loading, the crack tips are cut off and gradually abraded, leading to smoother crack interface and thus resulting in degradation of the total response. The degradation process is believed to be dependent on the loading amplitude, loading pattern, relative strength of the aggregate and mortar, initial crack width, confinement condition and environmental conditions.
Cracked concrete interfaces are practically subjected to different types of loading pattern and amplitude under different environmental conditions. Cracks in beam-like structures are commonly subjected to repetitive loading without stress reversal. However, cracks in slab like structures are usually subjected to a reversed type of loading, which mainly arises from moving traffic loads (Matsui 1987) . In addition to the mechanical loading effects, RC structures may be exposed to rain, which may influence the progress of damage. Therefore, in this study, the shear response of normal strength concrete under both types of loading was investigated for different levels of loading amplitude. Supplementary investigation was also conducted to examine the time-dependent behavior of shear transfer under sustained loading. Furthermore the effect of water was examined by exposing one specimen to water.
Experimental program

Specimens and loading setup
For the purpose of investigation, a total of 10 specimens having dimensions of 150 x 280 x 630 mm were considered. The average cylindrical compressive strength of the concrete used was 32.0 MPa at the age of 28 days. Fresh concrete was cast in metal molds and during casting, two grooves, 5 mm deep were provided on the two sides of the specimen. At the same time, two longitudinal holes were provided using plastic sheaths for restraining purposes. The plastic sheaths were removed 4 to 6 hrs after casting to avoid any effect incurred by their presence during splitting and shear loading. The specimens were cured under wet conditions until 2 days prior to testing. Before the specimens were subjected to shear loading, cracks were introduced by splitting. The initial crack width for each specimen was maintained in the range of 0.52 to 0.70 mm. Consequently, the two cracked halves were restrained using unbonded reinforcing steel bars passing through the longitudinal circular holes. The initial confining stress was kept very small, with a value of less than 0.01MPa for all tests. To avoid the shear resistance due to dowel action of the steel bars, a small 4 mm diameter pin was provided at the top and bottom sides of the steel bars.
The experimental configuration for the shear loading is shown in Fig. 1 . It is designed in such a way that the elements on the crack interface are in a pure shear state. All tests were load controlled and measurements of shear slip and crack opening were taken using two directional crack transducers, which are capable of measuring the shear slip and crack width simultaneously. Four displacement transducers (two on each side) were attached prior to cracking so that the initial conditions could be measured precisely. The confining force was measured using strain gages attached to the steel bars, and the shear load was measured with a load cell attached to the actuator of the loading machine.
Test variables
The degradation of shear response due to fatigue loading is thought to depend on several factors. In this study, the effects of loading amplitude, loading pattern, and water were mainly investigated on normal strength concrete. The current study does not cover the shear transfer behavior of high-strength and light-weight aggregate concrete. The composition of these materials is characterized by relatively higher strength of the mortar matrix compared to the aggregate particles. Unlike the case of normal strength concrete, cracks in these types of concrete pass through the aggregates, resulting in a flatter crack surface geometry. Therefore, the shear transfer behavior of cracks in high-strength and light-weight aggregate is categorized separately and will be treated in another paper.
Loading amplitude
It is well known that the loading range strongly influences the fatigue life. To investigate the sensitivity of shear transfer degradation in relation to the loading amplitude, low, moderate and high maximum shear load levels, relative to the maximum shear transfer capacity, were considered. For all tests, the minimum shear load level was kept constant. 
Loading pattern
The occurrence of more serious damage to crack interface in the case of shear load reversals has been reported (Walraven 1994) . To qualitatively investigate the effect of loading pattern on the degree of damage two types of lading patterns were considered: monotonic loading in which a pulsating load is applied without stress reversal, and fully reversed cyclic.
Environment
Cracks in bridge slabs are commonly exposed to rain. Therefore water may influence the degree of deterioration of cracked interfaces (Matsui 1987) . To examine and quantify the relative effect of water on shear transfer fatigue, tests in air and water are carried out.
In this study, a total of ten tests were carried out. The loading history, concrete compressive strength during the test period, the minimum and maximum shear load level, and the initial boundary conditions for each specimen are presented in Table 1 .
Response under static loading
When an incremental shear stress is applied to the crack interface, shear slip is mobilized with a corresponding dilation. This results in an increase of the confining stress. Depending on the boundary conditions provided, the shear response differs for different degrees of confinement, indicating that the behavior is highly nonlinear and path dependent (Mattock and Hawkins 1972) . Specimen NSC-SL was subjected to a monotonically increasing load with unloading and reloading at specified levels. The shear stress versus shear displacement relation and the crack opening versus shear displacement relation are shown in Fig. 2 . As can be seen, the response is characterized by nearly constant shear stiffness at low load levels and is followed by gradually decreasing shear stiffness. Unlike the case in the constant crack width test (Li and Maekawa 1989) which shows a double curvature response, the response here (finite stiffness test) is characterized by a single curvature. This is due to the fact that in the former case, only shear slip occurs, resulting in an increase of the contact area between asperities. However, in the latter case, both slip and dilation occur simultaneously, which has a counterbalancing effect on the total contact area.
Upon unloading, the shear slip is almost irrecoverable, indicating that the behavior is mainly governed by fric- tional slip, plastic deformation, and fracture. In other words, the total slip hardly consists of elastic deformation. However, at very low load levels, a slight return can be seen as the result of reduced friction. For better understanding, the asperities of the crack plane can be idealized as an assemblage of several small contact units having different inclinations, as illustrated in Fig. 3 . The macroscopic stress transfer can be explained by the integrated stress transfer at the local contact units. Accordingly, the overall progress of the static response can roughly be categorized into three stages, as indicated in Fig. 2 . In the first stage, more contact units become engaged and tend to increase the total contact area. On the other hand, the dilation tends to decrease the total contact area, thus resulting in nearly constant shear stiffness. In the second stage, the crack tips of some contact units start fracturing and at the same time the crack width continues to open. Hence, the contact units with low inclination start to loose contact and the previously engaged contact units develop plastic zones and crack tips tend to fracture. According to the experimental facts established by Li and Maekawa (1989) , the geometry of the cracked concrete interface mainly consists of flatter contact units. Therefore, at this stage, a gradual reduction in stiffness can be observed. The third stage is mainly characterized by large shear slip with a slight increment in shear load. Here, the majority of the flatter contact units become engaged, with less of an interlocking mechanism.
The shear stress corresponding to 5mm slip is considered as the peak shear stress in this study. The results observed in the static loading served as the basis for the investigation of the fatigue response.
Response under fatigue loading
To investigate the effect of load level on the degree of response degradation, three loading amplitudes are considered. For all tests, the first cycle was applied statically while the loading history for the subsequent cycles for each test was obtained by dynamically varying the shear load between the respective minimum and maximum loading levels indicated in Table 1 . A sinusoidal load wave form with constant amplitude loading at a frequency of 1.5 Hz was used in each test. The three loading levels, low, moderate, and high amplitude, were selected to represent each of the loading stages discussed above and here are regarded as low, moderate and high amplitude levels. Here it should be noted that the following discussion is based on the average readings of the four transducers for the crack width and shear slip. The maximum variation of the crack width readings was 5% to 11% of the average value, while the variation for shear slip was less than 1%. Figure 4 shows typical shear fatigue response at a relatively low stress level. The recovery of shear slip for the unloading path, during the first cycle, is very small. This indicates that damage within the crack interface is of an irrecoverable nature. Each loading cycle is associated with a finite amount of damage. Thus, in order for the subsequent cycles to transfer an equal amount of shear stress, the crack interface has to undergo additional shear slip. Overall, the fatigue response at constant amplitude loading is characterized by a gradual increment of shear slip and dilation. Figure 4b shows the increment of shear slip and dilation with the number of cycles for different maximum stress levels. In each case, the increment of shear slip and
Low amplitude loading
Higher contact stress dilation are relatively larger for the first few cycles. For example, for specimen NSC-F1 (τ max = 1.07 MPa), relatively large increments in shear slip and dilation can be seen for the early loading cycles. In contrast, after nearly 100,000 loading cycles, response stabilization in which any further subsequent loading is accompanied by negligibly small displacements can be observed. The corresponding shear slip values at peak load for N= 1.0E05 and N=2.1E05 cycles are 0.394 mm and 0.405 mm, respectively. This means an increment rate of 1E-07 mm shear slip per cycle. As discussed in section 3, at low stress levels, most of the contact occurs between the steeper contact units. Thus, upon cyclic loading, plastic zones gradually develop on the contact units. The development of plastic zones is comparatively higher when the mobilized shear slip is not associated with appreciable dilation, as is the case in low amplitude loading. The development of plastic zones causes redistribution of stress, thereby reducing the degree of locality on the contact units. Consequently, it is likely for the local stresses to remain below the level that is required to cause fracturing. The accumulated shear slip before the stable situation is attained is the result of deterioration of minor roughness and the deformation of the cement matrix when the hard aggregates press on it.
To investigate the maximum level of shear stress at which a stable situation occurs, specimen NSC-F4 was subjected to different levels of maximum shear stress. First, the specimen was loaded for 70,000 cycles at a maximum shear stress level of 1.79MPa. Subsequently, the same specimen was subjected to maximum stress levels of 2.12MPa and 2.23MPa for 2.4E05 and 9.0E04 cycles, respectively. The increments of shear slip and dilation for each loading step at peak loading are shown in Fig. 4b . Although the increments of shear slip and dilation for the first several cycles are significantly large, the incremental displacement for the later cycles is very small. For example, for the last loading step, if the results are extrapolated based on the data of the last 4500 cycles, a minimum of 2.5 million cycles is necessary for the specimen to undergo a total slip of 5mm.
High amplitude loading
To investigate the fatigue response at higher amplitude load levels, a specimen was subjected to a maximum stress level of 2.79 MPa (about 86% of the ultimate capacity) and a minimum stress level of 0.17 MPa. Contrary to the case of low amplitude fatigue loading, the increment of shear slip per loading cycle was very large, leading to shorter fatigue life. As indicated in Fig. 5 , a large difference in the hysterisis loop area between the first cycle and the subsequent cycles can be observed, due to the irreversible damage occurring at the crack interface. The propagation of shear slip was observed to decrease with the number of loading cycles, indicating that most of the damage occurs in the early loading cycles. More than 50% of the additional slip due to fatigue loading occurred in the first 100 cycles. This early deterioration of the crack interface is possibly due to the cutoff of the tips of the asperities within the interface. Unlike in the case of low amplitude loading, here each further loading cycle is associated with an additional slip. In other words, no stable situation could be attained.
The high damaging effect at high amplitude load level is attributed to the high local stress on the asperities (Fig.  3) , and the increased probability of sliding.
1) High local stress:
As the applied shear load increases, the local stress on the asperities increases. However, the increase in stress is not proportional to the shear loading due to the increase of confining stress and reduction of the effective contact area as the result of dilation. These two additional points cause very high local stresses. Thus, repeated loading at this level causes greater damage at the crack interface. The high confinement also may lead to flattening of the asperities, thereby reducing overriding resistance, which could be one reason for the small values of dilation per cycle.
2) Increased probability of sliding: As mentioned previously, at higher load levels, contact units with steeper orientation have been flattened as a result of fracture and crushing, and hence most of the contact occurs between flat asperities, which are characterized by a higher probability of sliding. Generally at high load levels, frictional mechanisms tend to dominate over the interlocking mechanism. Figure 6 shows the fatigue response for a moderate amplitude load level. The specimen was subjected to a constant amplitude fatigue load (τ max = 2.26 MPa). Similar to the case of high amplitude loading, each subsequent loading cycle was accompanied by an incremental shear slip. However, the dilation for the moderate amplitude loading is quiet significant compared to that of high amplitude loading. When the crack deformational path due to fatigue loading is accompanied by significant dilation, plastic deformation on the asperities is less likely to occur. Thus, most of the incremental shear slip in the case of moderate amplitude loading is due to overriding movement on the asperities. The crack deformational path, due to fatigue loading, is important in describing the mechanism of damage within the crack interface.
Moderate amplitude loading
The fatigue life is highly prolonged compared to that in the case of the high amplitude loading. The number of total loading cycles required to provoke 5 mm slip here is approximately 90000 cycles, which is 90 times that in the case of high amplitude loading. Here, it must be noted that the difference in stress level between the two cases is approximately 20%. The above result indicates that the fatigue endurance of cracked interfaces subjected to shear loading is sensitive to the maximum shear load level.
Crack deformational path under fatigue loading
Let us consider two similar cracked interfaces, one subjected to static loading and the other to a combination of static and fatigue loading, the first cycle being static. For better understanding, we can consider specimens NSC-F2 and NSC-F3. The crack deformational paths for these two specimens are shown in Fig. 7 . It can be seen that the dilation values for the specimen subjected to fatigue loading is lower than that of the static one at the same slip values. Conceptually, this means that the total contact area at point B is larger than that at point A (Fig.  7) . In the case of fatigue loading, a large plastic zone develops on the contact units and this increases the probability of other contact units becoming engaged and sharing some load (Fig. 8) . However, in the case of static loading, since a large crack opening is mobilized at relatively low values of shear slip, localization of stress is very high. The above point is the main reason why the fatigue life at different load levels differs largely. Applying fatigue loading at relatively low load levels will increases the possibility of additional contact units becoming engaged and thus leads to a longer life. 
Rate of increment of shear slip with the number of loading cycles
As a summary, the accumulated shear slip at peak loading versus the number of loading cycles is plotted for the different maximum load levels discussed above (Fig. 9) . It is interesting to note that the accumulated shear slip is more or less linearly proportional to Log N, where N is the number of loading cycles. To disregard the effect of compressive strength, the applied shear stresses are normalized by the strength factor adopted in the contact density model (Li and Maekawa 1989) . The three stress levels correspond to the stress ratios of 50%, 70% and 86%, normalized by the ultimate shear capacity. It is evident that the fatigue response of concrete is influenced by a time-dependent effect. Thus, in dealing with the long-term behavior of shear transfer, the relative influence of time dependency need to be examined.
Time dependency
Generally, fatigue response is influenced by a time-dependent effect, which is commonly reported in terms of frequency of loading. To investigate the shear creep effect on the fatigue behavior of cracked concrete, tests under sustained shear loads were done. Two tests under sustained shear loads of τ max = 2.79 and τ max = 2.42 MPa, each for about one week, were conducted, each for about one week, and the variations of shear slip, dilation, and confining stress for each test were measured. The results are shown in Fig. 10 . Figure 11 shows the development of shear slip and crack opening with time, for sustained shear load levels of 2.42 MPa and 2.79 MPa. The incremental shear slip due to the sustained shear load at τ max = 2.42 MPa is approximately 20% of the initial shear slip in one week. The progress of the shear slip is characterized by frequent jumps due to fracturing of the asperities. These sudden jumps in shear slip are accompanied by closure of the crack, as shown in Fig. 11 . The overall progress of crack opening is also characterized by a gradual increase. This is possibly due to local sliding on the contacting asperities. The absolute incremental shear slip and crack opening increase with the loading level.
Unlike the compression creep of concrete, the trend for the shear creep in the logarithmic scale is concave up towards the shear slip axis. This indicates that the progress of time-dependent deformation in shear is characterized by progressive fracturing and local slip on the asperities.
Degeneration of shear stiffness
In this study, it is experimentally observed that the shear slip increases upon repetition of constant maximum shear stress. Conversely, this means that shear transfer across a cracked interface degenerates under repeated shear slip. According to the contact density modeling of rough cracks, the transferred shear stress can be expressed in terms of the intrinsic shear slip normalized by crack opening (Li and Maekawa 1989) 
where τ ο is the original transferred shear stress (Li and Maekawa 1989) , X is fatigue modification factor to represent the reduction of shear stiffness with regard to accumulated intrinsic shear deformation, and ξ is the magnification factor, with a value 1.0 for single-sided fatigue loading. In finite element analysis, provided that dispersed cracking is assumed, δ/ω can be replaced with the average shear to normal strain ratio as γ/ε (Maekawa et al. 2003) . The above model is proposed for cyclic damage due to a single-sided loading path and it does not cover a deformational path with shear slip reversal. Figure 12 shows a comparison of the experimental results and the proposed model, for maximum shear stress values of 2.26 MPa and 2.79 MPa. It can be seen that regardless of the maximum shear stress value, the stiffness reduction ratio follows nearly similar trends. Based on the experimental investigations of time dependency, the time-dependent displacements for the fatigue tests were extracted using simple assumptions. Extraction was made based on the maximum shear load level during fatigue loading, which actually underestimated the mechanical damage due to cycling of load. The results before and after the extraction of the time-dependent effect are shown in Fig. 12 . Even with the overestimated values, the effect of time-dependent deformation on the degeneration of shear stiffness is relatively small. Hence most of the damage is attributed to the mechanical effects of cyclic loading.
Response under reversed cyclic loading
Transverse cracks in bridge decks easily develop due to the combined effects of loading and temperature and moisture fluctuations. The wheel load movement across these cracks causes rubbing of the two concrete surfaces in a reversed cyclic manner (Matsui 1987, Perdikaris and Beim 1988) . As a result slab structures tend to rely on the shear transfer performance of the cracked interfaces for load distribution in the longitudinal direction. This stress transfer mechanism degrades with load cycling and plays a vital role in the total life of bridge slabs.
It is reported that reversed cyclic loading has a higher damaging effect than the single-sided fatigue loading. However, there are a few reliable data that show the relative extent of damage between the two patterns of loading. Owing to the insufficiency of the current state of knowledge, dedicated experiments were conducted by reversing the loading direction at each cycle.
Loading program
Two specimens were tested at different constant maximum amplitude levels in both loading directions under dry conditions. The size of the specimens, material type, initial crack width, initial confining and overall experimental setup were similar to those used for single-sided fatigue loading. The only difference was that these specimens were subjected to a reversed cyclic loading path. For each test, a loading rate of 1.058 x 10 -2 MPa/s was used except for the first cycle, for which the loading rate was 1.058 x 10 -3 MPa/s. The test details for the specimens are listed in Table 1 .
Response at moderate amplitude level
Specimen NSC-RCL1 was subjected to a constant amplitude level of 2.26 MPa in both loading directions. Figure 13 shows the response shear response and crack deformational path under cyclic loading. During the first loading process, contact occurred between the undamaged asperities, and with the progress of loading, stress localization increased as a result of increased dilation. This increased local stress caused large plastic deformation, fracturing and crushing of the crack tips. Conse- quently, the geometry of the crack surface became smoother. When the specimen was unloaded, no appreciable recovery of the shear slip could be seen as the prior damage was of an irrecoverable nature. At this stage, the specimen was reversed and loaded in the second (negative) loading direction. Similar response to that in the positive loading direction was observed with a relatively larger shear slip. Subsequently, the specimen was reversed and loaded again in a similar manner. The possible reasons for asymmetric response are the probabilistic nature of the crack roughness, differing initial conditions for both loading sides, and the effect of damage on one side of the asperities to the response when loaded in the other side. It is quiet interesting to note that the progress of damage was extremely fast. Quantitatively at this level of loading the incremental shear slip introduced by a full reversed cycle is equivalent to that caused by about 6000 single-sided loading cycles. The dilation per cycling of shear load was also observed to be higher in the case of reversed cyclic loading for the same shear slip. This large difference in the degree of deterioration is one of the main reasons why current lifetime predictions of bridge slabs overestimate the actual lifetime. Figure 14 shows the response for two successive cycles. The response for the second loading cycle is characterized by large degradation in response. This is as a result of the smoothening of the crack interface by the first loading cycle, hence demanding a larger shear displacement to develop the same level of shear stress. This is clear evidence of the smoothening of the crack roughness. At peak load, a relatively larger shear slip and dilation should be mobilized for the subsequent cycles due to the continuous damaging effect. The response for the subsequent cycles is characterized by three distinct zones, described below.
1) No slip zone:
This zone corresponds to the loading step just after load reversal. At this stage, each incremental shear stress is not accompanied by shear slip. This is because a certain amount of load, at least equal to the friction, is necessary to mobilize a shear displacement. The range of this zone increases with cycling of the load as the result of increased confining stress, which in turn increases friction.
2) Free slip zone: Large slip with a little increment in shear stress occurs at this stage, resulting in displacement reversal. This shear slip reversal is the displacement mobilized until contact on the opposite faces of the asperities is ensured. During this reversal, the crack width decreases, resulting in early contact of the asperities at low values of slip. This zone increases with the cycling of load and its progress may indicate the progress of the plastic zone on the contacting units. At the end of this step, contact on the opposite side will ensue.
3) Stiffness development zone:
This zone is characterized by a gradual increase of stiffness, which is not the case in single-sided loading. The unloading stiffness is much higher than that of the reloading, an important point in dealing with the crack-to-crack interaction problems (Amorn and Maekawa 2001) .
For the later loading cycles, some premature deterioration on the side peripheries of the specimen is observed. The peripheral part of the crack plane is relatively in a state of lesser confinement. Hence, splitting cracks can easily penetrate to the surface of the concrete from inside of the crack plane.
Low amplitude level
To examine the effect of loading amplitude for the case of reversed cyclic loading, a specimen is subjected to maximum absolute shear stress of 1.49 MPa in the positive and negative loading directions. A total of 31 cycles was applied to the specimen. Figure 15 shows the shear response and progress of shear slip and dilation, for both loading directions. Unlike the case of the moderate amplitude loading, the response here was observed to be more or less symmetric. This is possibly due to the fact that, at low amplitude levels, the effect of damage in one direction of the asperities to the response when loaded on the other may not be significant. The overall response is similar to that of moderate amplitude loading, except that the progress of damage is relatively stable. The increment of shear slip in case of reversed cyclic loading is nearly uniform, unlike in the case of monotonic loading without stress reversals. Figure 16 shows two typical crack surfaces after loading, for the cases of monotonic and reversed cyclic loading. The crack surface deterioration for the specimens subjected to reverse cyclic loading is seen to be more severe compared to that of monotonic loading. Visual inspection of the cracked interface showed, the presence of a significant amount of crushed particles and powder, the amount being higher for the specimens subjected to reverse cyclic loading. This important experimental observation suggests that the presence of water may influence the shear transfer fatigue response due to the washing out of crushed particles. Thus, a separate consideration may be necessary in dealing with the performance assessment of structures exposed to water with regard to shear transfer. The effect of water on the performance of cracked interfaces subjected to shear is discussed in the next section.
This study, although it covers a wide range of variables, mainly deals with specific initial crack width and initial confinement. Therefore, further investigation may be necessary to understand the relative effect of each parameter. Conceptually, lower initial crack width and/or higher initial confinement may lead to a remarkable increase in shear fatigue life as the result of reduced local stresses on the contacting units. Higher lateral stiffness may also influence the shear fatigue response in a similar manner.
Degeneration of shear stiffness under reversed cyclic loading
The experimental facts for the reversed cyclic loading indicate that the deterioration of the shear response is much larger than that of single-sided loading, by nearly 2 to 3 orders.
For comparison, the shear stiffness degradation ratio was plotted with respect to the accumulated intrinsic shear slip. The result largely deviates from the model adopted for single-sided loading owing to the serious damaging effect during stress reversal. Similar to the single-sided loading, the time-dependent displacements are extracted from the reversed cyclic tests too, in which the effect is supposed to be higher as the loading rate is relatively slow. Figure 17 shows the stiffness reduction versus intrinsic shear slip plot, for the cumulative and extracted results. Compared to the single-sided fatigue loading, the time-dependent effects appear to be significant. However, the mechanical damage due to cyclic loading is still quite large compared to that of single-sided fatigue loading.
Effect of water
Cracks in RC structures may be exposed to water. For example existing cracks in bridge slabs are commonly exposed to rain, which may affect the shear resisting mechanism. Therefore, the authors sought to investigate the effect of water on shear degradation of cracked interfaces under two exposure conditions, fully submerged and downward flowing water through the cracked interface. For the purpose of investigation, specimen RCL_W was loaded with simultaneous exposure to water. Except for the exposure condition, the loading history of RCL_W is similar to that of RCL_2. However, the initial conditions are slightly different for both cases with a 0.07 mm difference in the initial crack width and 6 MPa in compressive strength. Bearing the above differences in mind, the first cycle was applied statically under dry conditions to ensure similarity of the static response to allow comparison without bias. The overall result is shown in Fig. 18 . The dilation at the first peak loads is on average lower by 0.25 mm than the dry test. The above differences make direct comparison complicated. Nevertheless, it should be noted that the above points favor better performance of the specimen under dry conditions.
Following the first cycle, the specimen was subjected to reversed cyclic loading under fully submerged conditions for 31 loading cycles. The general trend of the response is similar to that of dry tests. The relative difference in the propagation of shear slip between the dry and submerged cases is small, with slightly higher values for the submerged case. It can be said that under submerged conditions, although water has some accelerating effect on the damage rate, its relative magnitude is not large.
Later, the water in the tank was drained and the same specimen was further loaded for 11 cycles with increased maximum shear load level of 1.70 MPa. However, in this loading step, water was directly poured on the crack interface with a downward flow. The water discharge rate was approximately 0.65 l/min to 0.75 l/min. This exposure condition greatly increased the probability of washing out of crushed particles due to the penetrating flow of water. The response for this loading step is shown in Fig. 18 . A remarkable difference in the degree of damage can be seen, compared to the test under dry conditions. If the results for the dry test are extrapolated, approximately 85 more cycles are required to undergo the same shear slip value as that of RCL_W.
This accelerated response degradation in water is mainly attributed to the washing out of crushed particles and the reduced compressive strength of concrete in water. In addition, water within the interface may act as a lubricant, thereby accelerating shear slip.
Simplified phenomenological model
It can be concluded that in addition to the reversed cyclic effect, water plays a significant role in the shear deterioration of cracked interfaces. Hence, the authors propose a generalized simple model for transferred shear stress under repeated loading that takes into account the effect of water, see Equation (2). where ξ and ξ w are acceleration factors to include the effects of loading pattern and water exposure. Factor ξ is considered to be 1.0 for single-sided fatigue and three orders higher for the reversed cyclic loading case; value ξ w is approximately 10 based on the observed experimental results. The proposed model can tentatively be applied for combined cases of dry and wet cycles either with or without stress reversal, by taking definite inte- In actual situations reinforced concrete structures such as bridge decks are exposed to continuous wetting and drying conditions over a long period of time. Hence these combined exposure condition should be further studied for better simulation of real situations.
Conclusions
The mechanism of shear transfer in a single crack concrete plane subjected to fatigue loading is experimentally investigated. Accordingly the following findings are put forth.
(1) Shear transfer under high-repetition cyclic loading is characterized by gradual increments in shear slip and dilation. The progressive damage is attributed to the fracturing of crack tips, local plastic deformation and local slip on the asperities of the crack interface. (2) The degree of damage was found to be highly sensitive to the loading amplitude. (3) The accumulated incremental slip at peak load was observed to follow a linear trend with the number of loading cycles on the logarithmic scale, indicating that most of the damage occurs at early loading cycles. (4) Damage in the case of reversed cyclic loading was severely aggravated compared to that of fatigue loading without stress reversal. The damage caused by reversed cyclic loading was observed to be higher by approximately 3 orders. This result is of great interest in the lifetime prediction of RC slabs, which are commonly subjected to reversed loading. (5) Visual inspection of the crack interface after loading showed a considerable amount of crushed particles and powder. Crack surface deterioration was severe in the case of reversed cyclic loading. (6) A shear creep phenomenon was found to exist for cracked concrete subjected to a sustained shear load. Its progress is characterized by continuous fracturing of the asperities. (7) Water was found to accelerate the degradation of shear transfer under repeated loading. Washing out of crushed particles and reduced material strength of the asperities in water are thought to be the primary reasons. (8) A simplified phenomenological model is proposed to quantify the degeneration of shear stiffness in terms of the intrinsic accumulated normalized slip with respect to crack opening.
